Various aspects of immune response exhibit 24-h variations suggesting that infection susceptibility and treatment efficacy may vary by time of day. Whether these 24-h variations are endogenous or evoked by changes in environmental or behavioral conditions is not known. We assessed the endogenous circadian control and environmental and behavioral influences on ex-vivo lipopolysaccharide stimulation of whole blood in thirteen healthy participants under 48 h of baseline conditions with standard sleep-wake schedules and 40-50 h of constant environmental and behavioral (constant routine; CR) conditions. Significant 24-h rhythms were observed under baseline conditions in Monocyte Chemotactic Protein, Granulocyte-Macrophage Colony-Stimulating Factor and Interleukin 8 but not Tumor Necrosis Factor alpha whereas significant 24-h rhythms were observed in all four immune factors under CR conditions. The rhythm amplitudes, expressed as a percentage of mean, were comparable between immune factors and across conditions. In contrast, the acrophase time (time of the fitted peak) was different between immune factors, and included daytime and nighttime peaks and changes across behavioral conditions. These results suggest that the endogenous circadian system underpins the temporal organization of immune responses in humans with additional effects of external environmental and behavioral cycles. These findings have implications for understanding the adverse effects of recurrent circadian disruption and sleep curtailment on immune function.
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Introduction
Various immune factors have been shown to exhibit daily rhythms in both humans and animal models including lymphocyte proliferation (Esquifino et al., 1996) , number of leukocytes, hematocrit, and white blood cell subsets (Abo et al., 1981; Born et al., 1997; Kawate et al., 1981) and cytokine levels (Born et al., 1997; Young et al., 1995) . In addition, a time-of-day dependent modulation has been reported for infection susceptibility (Shackelford and Feigin, 1973) , survival rate after endotoxic shock in mice (Halberg et al., 1960) , disease severity in rheumatoid arthritis (Cutolo, 2012) and adverse cardiovascular events and asthma (Litinski et al., 2009 ). The immune system in mice (Gibbs et al., 2012) , Drosophila (Stone et al., 2012) and the flowering plant Arabidopsis (Wang et al., 2011a) is regulated by endogenous circadian clocks, suggesting that the endogenous clock-based regulation of immune response is conserved across phyla. In addition, recent studies in mice have demonstrated the circadian regulation of innate immune response in the presence of LPS, and that it is mediated by macrophagespecific molecular clocks (Gibbs et al., 2012; Keller et al., 2009 ).
An evolutionarily conserved molecular clock is also found in human peripheral blood mononuclear cells (PBMCs), which include most immune cell types. The phase of gene expression in these PBMC clocks is sensitive to light/dark schedules (Boivin et al., 2003; James et al., 2007) . This suggests that these molecular clocks in the PBMCs may be controlled by the central circadian pacemaker, which drives endogenously generated rhythms that persist in the absence of external or behavioral time cues (Mills, 1966; Pittendrigh, 1960) . Whether innate immunity in humans is http://dx.doi.org/10.1016/j.bbi.2014.11.003 0889-1591/Ó 2014 Elsevier Inc. All rights reserved.
